• of P700+, which we associat~ with a more primary electron acceptor A 2 . . . In turn, when A 2 is reduced by background (continuous) illumination in presence of neutral red and under strongly reducing conditions, laser flashes then produce a much fast~r (3 ~s) back reaction at wavelengths characteristic of P700. We associate this with another more primary electron acceptor, A 1~ which funct~ons very close to P700. The organization of -2-these components probably corresponds to the sequence P700 • A 1 :A 2 P430 [~ .
The relation of the optical components to acceptor species detected by EP.R, by electron-spin polarization or in terms of peptide components of Photosystem 1 is discussed.
Preliminary experiments with broken chloroplasts suggest that an analogous situation occurs there, as well.
The research described in this report was performed in the laboratories of the Service de Biophysique, Departement de Biologie; CEN-Saclay.
Abbreviations: PMS, phenazine methosulfate; DMT, dimethyl triquat, l,l'-trimethylene-4,4'-dimethyl-2,2'~bipyridylium bromide; DCIPH 2 , 2,6-dichlorophenolindophenol, reduced.
•
INTRODUCTION
The light reaction of Photosystem 1 of higher plants involves the transfer of an electron from the P700 chlorophyll of the reaction center to one or more bound ~lectron acceptors. These reactions can be followed either optically using sensitive difference spectroscopy rl -3] or by electron paramagnetic resonance to detect the species containing unpaired electrons [4] [5] [6] . For P700 there is good agreement between the two methods for experiment.s carried out at room temperature r7]. For the electron acceptors the situation is more complex. Optical signals observed in the blue at room temperature have been used to characterize the species P430, [3, 8] which appears to correlate with a low temperature EPR signal characteristic of an ironsulfur center [9] that has been designated Center A [10, 11] . Additional low temperature EPR signals from iron-sulfur Center B r10, ll] and from a species designated X have been reported fll-14],and they are also candida~es for part i ci pat ion on the acceptor side of Photosys tern· 1. · Electron spin .
polarization studies show that, in the early stages of the photochemistry, there is coupling between the unpaired electron on P700+ and that on the counter radical, probably x- [15] .
We have studied the kinetics of flash photo-induced optical changes of Triton-solubilized subchloroplast partic1es enriched in Photosystem 1 [16] . These particles appear to contain P700 together with the bound electron acceptors; but the normal electron donors, plastocyanin or cytochrome f, are not functional [17] . By subjecting these particles to variou~ regimes involving reducing conditions and background illumination, we have been able to use the kinetics of re-reduction of P700+ following a flash to monitor the state of the electron acceptors and to determine something about their sequence !18] . In addition to demonstrating the occurrence of two intermediate species, presumably low potential -4-electron acceptors, between P700 and P430, we find that acceptors at the level of P430 are able to accept two electrons following successive saturating flashes that turn over P700 twice. We interpret these results in terms of recent st~dies of low temperature EPR and of electron spin polarization.
MATERIALS AND METHODS
Spinach chloroplasts were prepared from leaves grown in a greenhouse and were isolated in sucrose (0.4M), KCl {10 mM), MgC1 2 (2 mM) and tricine buffer (50 mM, pH 7.6). Subchloroplast particles (TSFl) solubilized with Triton X-100 were prepared according to the procedure of Vernon and Shaw . ~·· [16] and were stored at -20°C until needed.
Neutral red (3-amino-7-dimethylamino-2-methylphenazine hydrochloride) or PMS (phenazine methosulfate) was dissolved in water at 2mM and lmM, respectively. Dimethyl triquat (DMT; 1,1'-trimethylene-4,4'-dimethyl-2,2'-bipyridilium bromide) was a gift generously provided by :mperial Chemical Industries, Ltd., Bracknell, Berkshire, England.
Reaction mixtures were prepared by first thawing a portion of the TSFl preparation and homogenizing in the appropriate buffer and added reagents (except dithionite). For anaerobic experiments the reaction mixture . was then frozen and degassed under vacuum 3 times in an evacuable cuvette (1 em path) with two side arms. After the dega~sing, solid dithionite was added from one of the side arms and the sample was kept in darkness until the start of the experiment. Anaerobic experiments where dithionite was included were carried out in glycine buffer (0.2 M, pH 10), but when ascorbate or aerobic dithionite was used as reducing agent the buffer was tricine {0.02 M, pH 7.6).
The experiments were carried out using a rapid-transient spectrometer system that is capable of resolving components to about 1 Jls duration.
The light for the measuring beam and for background illumination, when present, came from a quartz tungsten-iodine incandescent lamp. The radiation was filtered either by an interference filter (bandwith 2 nm at half maximum) or Wratten 87 gelatin filter prior to the sample when no background illumination was desired or by an RG630 filter (Schott) that passed red light to provide a background. The light transmitted by the sample was focused on the entrance slit of a Bausch and Lomb grating monochromator (500 mm) with 7 nm bandpass and, in most cases, a supplementar~ interference filter (2-3 nm bandpass). Light was detected using a silicon photodiode PIN-10 (UDT, Santa Monica, CA) for absorption changes in the red or near IR. Si:gnals from the detector were recorded using a Transient Digitiier (Tektronix R7912) coupled to a multichannel analyzer (Didac 4000, Intertechnique) where the signals from several experiments could be combined.
Flash excitation of the sample was provided at 90° to the measuring beam using either a Q-switched ruby laser (Quantel, France; A, 694 nm, 10 ns duration) or a flash-lamp pumped dye laser (ElectroPhotonics, Belfast; 605 ~m, 1 ~s duration).
In experiments involving a train of flashes spaced 30 ms apart, the preilluminating flashes were obtained from a "Stroboslave" xenon flash unit (General Radio) and the final flash from the dye laser. For measurements in the blue, the monochromator was inserted between the lamp and t~e cuvette, and the me as uri ng 1 ight was detected with a photomulti p 1 ier whose output, after ampl if ication, was fed directly into a multi-channel analyzer. 
RESULTS
To characterize our TSF 1 particle with respect to Photosystem 1 reactions, we carried out initial experiments under conditions analogous to those used by Hiyama and Ke [3, 19] in defining the relation between P700 and. P430. In the presence of ascorbate and 2,6-dichlorophenolindophenol (DCIPH 2 ) as electron donor and benzyl viologen as acceptor we observed flash-induced absorption changes at 703 or 820 nm that reversed slowly, during several seconds, in an aerobic sample. The spectrum of these changes between 370 nm and 500 'nm and between 703 nm and 820 nm is that. of P700, reported previously r3]. In particular, we observed isosbestic wavelengths at about 408, 445 and 725 nm.
In the absence of .benzyl viologen and under anaerobic conditions, a sample of TSFl particles containing ascorbate and DCIPH 2 exhibits flashinduced absorption changes at 703 or 820 nm that reverse more rapidly, but with a biphasic decay. About 75% of the reversal occurs with a 30 ms halftime; the remainder is much slower. The faster component is characteristic of the back reaction between P700+ and P430-, and the difference spectrum that we observe in the red and the· blue is similar to that reported by Ke r3J. We find essentially identical behavior under aerobic or anaerobic conditions. We are not able to detect any faster components in the decay, to the instrument limit of about 1 ~s, at 703 or 820 nm under these experimental conditions regardless of the presence of benzyl viologen. closely resembles that of P700. i"'leasurements in the blue region (385 to 600 nm) are also shown in Fig. 2 . By contrast with P700 alone (solid curve), which exhibits positive absorbance changes between 395 and 400 and between 445 and 455 nm, the 250 ps decay component seen in the presence of dithionite has essentially zero amplitude in these wavelength regions. ·In this respect the difference spectrum resembles that of P700 + P430 [3] ; however, the decay kinetics that we observe is about 100 times faster at room temperature and P430 is known to remain reduced in the dark under strongly reducing and·anaerobic conditions. Immediately after mixing dithionite with the sample in darkness, + the decay or P 700 is slow. The 250 p5 decay is observed only after the sample has received at least 10 flashes, spaced by about 15s.
Neutral red :!:_'Background Illumination (Anaerobic). Shuvalov, et ~· r. 20, 21] reported that the addition of a good electron donor like neutral red, in the presence of dithionite at pH 8.0, leaves Photosystem 1 in the state P700·P430-at a time·2 ms following illumination. For a similar.reaction mixture under anaerobic conditions we obs~rve decay of P700+ in the millisecond range following a laser flash (Fig. 3, left) . If, however, a background of red light (A> 630 nm) is provided prior to and during the flash, then a large portion ' of the absorbance change at 820 nm reverses much more rapidly (Fig. 3, right). Using a faster sweep rate for the digitizer ( and it remains fast (0.26 ms) following a fourth fla~h (Fig. 6, lower traces) .
The latter times are, in fact,essentially the same as those reported above when P430 has been reduced chemically prior to an illuminating flash.
A s1milar response pattern following successive flashes occurs for the bleaching of absorption at 720 nm. There is usually a small (10%) decrease in initial amplitude of the response between the first and the fourth flashes; however, these may be due to our failure to record accurately the initial response of the fast decaying signal seen on the again, a triplet should show greater sensitivity to. admission of air than we see but that possibility cannot yet be· ruled out~ If it is a triplet, then it must be closely rel~ted to P700, because the bleaching at 703 nm corresponds precisely to that of P700 and -14-requires that the acceptors of P700 (P430, A 2 ) are reduced. Thus it would be more similar to the state PR observed in bacterial reaction centers [26] than to a t~iplet state of antenna chlorophyll. This clearly needs further investigation.
{5) Phenazine
Unfortunately it is difficult at present to correlate the EPR studies .. on x-, carried out at low temperature, with the optical studie~ relevant to A 2 -, carried out at room temperature. The interpretation is complicated by the fact that we find evidence for an additional c.omponent, Ai, which appears to reside even closer to P700. On the basis of EPR spin polariza-. tion studies, Dismukes et· .!}_, [15] have proposed that x-lies close to P700+ and that these species constitute the radical pair of Photosystem 1 that gives rise to spin polarization. Although A 1 -is a good candidate for this radical counterion to P700+, it is possible that the magnetic interaction with the next species, A 2 -, would be strong enough to generate the observed spin polarization.
The observation of a fast {3 1JS) component of P700 absorption change -18- relaxation i~ broken chloroplasts in the presence of PMSH 2 and dithio~ite (ana_erobi c) suggests that the fast component ( 4) is not an artifact i ntroduced by the detergent tr:eatment in preparing TSFl particles. Of course, to compete against this back reaction under normal conditions leading to photosynthetic energy conversion, the forward reactions of electron transfer must be much faster. It appears from the studies of Ke[32] that the electron transfer to P430 occurs in a time less than 100 ns; however, that study may need to be reevaluated if the difference absorption spectra of A 2 , P430A
and P430B are all similar to one another. The response to only the last (dye laser) flash is shown. Each curve is the average of two signals. 
